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t r o n i c s breadboard which as been i n t e g r a t e d w i t h a m o d i f i e d
A s i n g l e stage, 5 kW f u l l b r i d g e , p u l s e w i d t h modulated (PWM), power c o n v e r t e r was developed which was phase s h i f t r e g u l a t e d . The c o n v e r t e r used metal o x i d e semiconductor f i e l d e f f e c t t r a n s i s t o r (MOSFET) power switches and i n c o r p o r a t e d c u r r e n t mode c o n t r o l and an i n t e g r a l a r c j e t p u l s e i g n i t i o n c i r c u i t . The unoptimized power e f f i c i e n c y was 93. 5 
and 93.9 p e r c e n t a t 5 k W and 50 A o u t p u t a t i n p u t v o l t a g e s o f 130 and 150 V , r e s p e c t i v e l y . L i n e and l o a d c u r r e n t r e g u l a t i o n a t 50 A o u t p u t was w i t h i n 1 p e r c e n t . The c o n v e r t e r p r o v i d e d up t o 6.6 k W t o t h e a r c j e t w i t h s i m u l a t e d ammonia used as a
p r o p e l l a n t .
INTRODUCTION
Renewed i n t e r e s t i n a r c j e t s has l e d t o t h e r e c e n t development and l i f e t e s t s o f b o t h 1 and 30 kW a r c j e t systems for a p p l i c a t i o n t o North-South (N-S) s t a t i o n k e e p i n g of geosynchronous s a t e l l i t e s and prime p r o p u l s i o n , r e s p e c t i v e l y ( r e f s . 1 t o 4 ) . F u t u r e h i g h power geosynchronous s a t e l l i t e s c o u l d have s i g n i f i c a n t l y i n c r e a s e d N-S and East-West s t a t i o n k e e p i n g requirements due t o increased mass and/or area t o mass r a t i o s ( r e f . 5 ) . T h r u s t l e v e l s of i n t e r m e d i a t e power ( 2 t o 5 kW) a r c j e t s appear advantageous for these s a t e l l i t e s . E a r t h -o r b i t m i s s i o n s which r e q u i r e drag make up or o r b i t adjustments m i g h t f i n d t h e performance o f a h i g h s p e c i f i c impulse 2 t o 5 k W a r c j e t systems b e n e f i c i a l .
The power processor r e p r e s e n t s t h e most massive a r c j e t s y s t e m component ( r e f . 6). I 
n a d d i t i o n , i t s i n t e r f a c e s a r e t h e most i m p a c t i v e t o t h e s p a c e c r a f t . I t s d e s i g n i s t h e r e f o r e v e r y s e n s i t i v e t o t h e a n t i c i p a t e d power
system requirements of f u t u r e s a t e l l i t e s , as w e l l as t h r u s t e r needs. Some o f t h e power processor requirements imposed by t h e spacecraft a r e t h e i n p u t v o l t a g e range, i n p u t -o u t p u t e l e c t r i c a l i s o l a t i o n , e l e c t r o m a g n e t i c i n t e r f e r e n c e ( E M I ) , and h i g h power e f f i c i e n c y , and low mass.
A r c j e t systems i n t h e 2 t o 5 k W power range w i l l l i k e l y be e n e r g i z e d from h i g h v o l t a g e 0 2 8 V ) buses, s i n c e h i g h bus v o l t a g e r e s u l t s i n low s p a c e c r a f t power system mass. I n a d d i t i o n , a t y p i c a l u n r e g u l a t e d s p a c e c r a f t b a t t e r y bus w i l l r e q u i r e o p e r a t i o n around 210 p e r c e n t of t h e nominal i n p u t v o l t a g e . Furthermore, t h e need t o accommodate c o n v e n t i o n a l s p a c e c r a f t s i n g l e p o i n t power grounding schemes w i l l make i n p u
t -o u t p u t i s o l a t i o n necessary t o p r e v e n t t h e p o s s i b i l i t y o f d e s t r u c t i v e c u r r e n t s b e i n g i n i t i a t e d by t h e c o n d u c t i v e
plasma generated during arcjet operation. interference (EM11 requirements are usually very conservative and specify reflected ripple limitations that result in the need for power filters with significant mass. impact on the spacecraft thermal control system mass, since the power processor temperature must be kept low to achieve maximum reliability.
Spacecraft electromagnetic
Finally, high power efficiency is necessary to minimize the During steady state operation the arcjet requires fast response constant current regulation, as well as modest current ripple for stable operation (ref. 7) . Ignition is accomplished with a high voltage pulse to breakdown the unionized gas. accomplished reliably without causing thruster damage or excessive wear (ref. 8) . Therefore, maximum current must be limited during this transition.
Startup and transfer to steady state operation must be For a high power thruster system operating from a high voltage bus, a full bridge pulse width modulated (PWM) power converter with transformer isolation was chosen for development because it has advantages over the parallel converter developed earlier (ref. 7 ). An integral thruster pulse ignition function using the output current averaging inductor (ref. 8 ) was incorporated into the bridge converter.
The laboratory 5 kW radiation cooled arcjet used for this work was an extension o f the 1 K design detailed in reference 9 . The primary purpose of this thruster was to provide a representative dynamic load to the power electronics. Specific differences from the 1 kW class laboratory arcjet were modifications to the constrictor, mixing chamber, and nozzle as well as operation at markedly higher temperatures. This paper describes the preliminary design, fabrication and evaluation of a single power stage 5 kW PWM full bridge power converter used to start up and control a laboratory arcjet operating on hydrogen nitrogen gas mixtures which simulated hydrazine decomposition products and ammonia. Power circuit waveforms and benchmark regulation, load transient response, ri power efficiency are provided for the breadboard power electron startup transient and initial steady state performance data are 
POWER ELECTRONICS REQUIREMENTS
S i n c e no s p e c i f i c , d e t a i l e d s p a c e c r a f t requirements yet e x i s t f o r 5 k W a r c j e t power e l e c t r o n i c s , c e r t a i n assumptions based upon p r e v i o u s experience must be made. For example, a nominal i n p u t bus v o l t a g e must be chosen. For t h i s i n i t i a l breadboard, many i s s u e s were n o t addressed e i t h e r because t h e y a r e s t r a i g h t f o r w a r d (e.g., i n t e r n a l 215 V s i g n a l l e v e l power s u p p l i e s ) or because d e t a i l e d s p a c e c r a f t or a r c j e t requirements w i l l have a major impact on t h a t p a r t of power s u p p l y (e.g., i n p u t EM1 f i l t e r ) . I n t h e absence o f d e t a i l e d s p e c i f i c a t i o n s , i n i t i a l breadboard e f f o r t s c o n c e n t r a t e d on t h e development o f a power c i r c u i t capable o f h i g h e f f i c i e n c y and low mass. F i r s t e f f o r t s were d i r e c t e d towards p r o v i n g 5 k W power c i r c u i t v i a b i l i t y , a c c o m p l i s h i n g t h r u s t e r i n t e g r a t i o n , and a c h i e v i n g some o f t h e f i r s t steps needed f o r h i g h power e f f i c i e n c y .
S p a c e c r a f t I n t e r f a c e A dc bus v o l t a g e o f 140+10 V was chosen. The nominal i n p u t v o l t a g e o f 140 V was judged t o represen? a compromise between a h i g h v o l t a g e , low mass power d i s t r i b u t i o n system and t h e need t o be concerned about p o t e n t i a l Paschen breakdown. gas or from o u t g a s i n g as s p a c e c r a f t s u r f a c e temperatures r i s e . A t t h i s w r i t i n g , Space S t a t i o n Freedom i s now p r o v i d i n g r e g u l a t e d 120 Vdc power t o u s e r s . I n p u t v o l t a g e v a r i a t i o n o f 210 V was chosen t o demonstrate l i n e r e g u l a t i o n c a p a b i l i t y . Wider v a r i a t i o n s o f i n p u t v o l t a g e c o u l d be accommodated i f necessary, b u t power e l e c t r o n i c s mass and/or power e f f i c i e n c y would be a d v e r s e l y affected. C r i t i c a l p r e s s u r e s m i g h t occur from t h e b l e e d i n g o f f o f entrapped V o l t a g e r e g u l a t i o n and o t h e r bus parameters a r e b e i n g determined.
High power e f f i c i e n c y i s needed t o minimize t h e impact on t h e s p a c e c r a f t thermal c o n t r o l system and t o maximize p r o p u l s i o n system performance. Concentrated waste h e a t generated i n s i d e a s i n g l e stage power s u p p l y m i g h t make s m a l l e r m u l t i p l e p a r a l l e l e d power stages t h e r m a l l y s i m p l e r , b u t m u l t i p l e stages add c i r c u i t c o m p l e x i t y . Therefore a s i n g l e power stage was chosen f o r t h i s work. T h i s approach e s t a b l i s h e s a b u i l d i n g b l o c k o f up t o 5 kW should p a r a l l e l power stages be r e q u i r e d l a t e r . M u l t i p l e phase staggered PWM power stages have been used p r e v i o u s l y for a 30 k W a r c j e t ( r e f . 3 ) and a 30 cm i o n t h r u s t e r ( r e f . 10). I t i s judged t h a t t h e p a r a l l e l e d stage a r c j e t i g n i t i o n p u l s e r c o u l d be e a s i l y implemented by s i m u l t a n e o u s l y s w i t c h i n g t h e p r i m a r i e s o f t h e o u t p u t a v e r a g i n g i n d u c t o r s / p u l s e t r a n s f o r m e r s . The c o n v e n t i o n a l spacecraft s i n g l e p o i n t power ground connected t o spacecraft s t r u c t u r e makes i n p u t -o u t p u t c i r c u i t i s o l a t i o n necessary. T h i s p r e v e n t s t h e p o s s i b i l i t y o f d e s t r u c t i v e c u r r e n t s from b e i n g i n i t i a t e d by t h e c o n d u c t i v e plasma generated by an a r c j e t .
Command and t e l e m e t r y , as w e l l as i n t e r n a l 215 V s i g n a l l e v e l power c o n v e r t e r s , a r e s t r a i g h t f o r w a r d and were t h e r e f o r e n o t i n c l u d e d i n t h i s work. I t was a l s o judged t h a t an EM1 f i l t e r c o u l d be added l a t e r , when requirements a r e known. addressed i n t h i s i n i t i a l e f f o r t .
Component d e r a t i n g and use o f f l i g h t q u a l i f i e d p a r t s were n o t T h r u s t e r I n t e r f a c e T h r u s t e r i n t e r f a c e i s s u e s , such as c o m p a t i b i l i t y w i t h t h e n e g a t i v e r e s i s t a n c e t h r u s t e r volt-ampere c h a r a c t e r i s t i c and s t a r t u p requirements, were r e s o l v e d e a r l i e r f o r t h e 1 k W t h r u s t e r ( r e f s . 7 and 8). T h r u s t e r a r c c u r r e n t r i p p l e was about 215 p e r c e n t average t o peak and any e f f e c t s o f r i p p l e a m p l i t u d e and f r e q u e n c y have n o t y e t been determined. c u r r e n t r i p p l e and c u r r e n t r e g u l a t i o n was a r b i t r a r i l y chosen t o be 22 p e r c e n t average t o peak and 21 p e r c e n t a t 50 A , r e s p e c t i v e l y . F a s t response c o n s t a n t c u r r e n t r e g u l a t i o n was r e q u i r e d f o r a r c s t a b i l i z a t i o n , j u s t as for t h e 1 k W t h r u s t e r . I n a d d i t i o n , a c t i v e c u r r e n t overshoot l i m i t i n g a t 55 A , and s h o r t c i r c u i t p r o t e c t i o n , were i n c o r p o r a t e d . P r o v i s i o n s t o o p e r a t e a t a r c c u r r e n t s from 10 t o 50 A were a l s o i n c l u d e d .
For t h i s work, a r c
The c o n s t r i c t o r dimensions and t h e gap s e t t i n g o f t h e 5 kW a r c j e t were Peak p u l s e r v o l t a g e was s e t a t 4 . 5 kV l a r g e r t h a n f o r t h e 1 k W a r c j e t , so t h e p u l s e r was designed t o handle more energy and p r o v i d e a h i g h e r v o l t a g e . and t h e maximum c u r r e n t a v a i l a b l e a t breakdown was a d j u s t e d t o 12 A. Because t h e i n i t i a l breakdown c u r r e n t i s a small f r a c t i o n o f t h e 50 A o p e r a t i n g c u r r e n t , and should s t a y t h e same f o r f u t u r e 5 kW a r c j e t s , t h e p u l s e r d e s i g n w i l l remain s t r a i g h t f o r w a r d .
POWER ELECTRONICS DESIGN C i r c u i t S e l e c t i o n E a r l i e r success a t 1 k W w i t h a PWM p a r a l l e l c o n v e r t e r i n c o r p o r a t i n g an o u t p u t c u r r e n t a v e r a g i n g i n d u c t o r / p u l s e s t a r t u p t r a n s f o r m e r ( r e f . 8) l e d t o r e t e n t i o n o f t h i s b a s i c scheme f o r t h e 5 k W design. However, f o r t h i s e f f o r t , a f u l l b r i d g e PWM c o n v e r t e r ( f i g . l ( a > > was chosen over t h e p a r a l l e l PWM c o n v e r t e r used i n t h e 1 k W work f o r two p r i n c i p a l reasons. F i r s t t h e h i g h e r c u r r e n t l e v e l s i n h i g h power PWM c o n v e r t e r s r e s u l t i n s u b s t a n t i a l energy storage i n t h e t r a n s f o r m e r leakage inductance d u r i n g each h a l f c y c l e . A p a r a l l e l c o n v e r t e r must e i t h e r d i s s i p a t e t h i s energy or t r a n s f e r i t t o t h e source or l o a d u s i n g s p e c i a l c i r c u i t s . A b r i d g e c o n v e r t e r can handle t h i s h i g h energy each h a l f c y c l e w i t h o u t t h e need f o r s p e c i a l c i r c u i t s . i n a f u l l b r i d g e c i r c u i t t h e power switches see o n l y i n p u t v o l t a g e when o f f , whereas para1 1 e l c o n v e r t e r swi tches o p e r a t e a t t w i c e i n p u t v o l t a g e . Therefore, t h e b r i d g e power t r a n s i s t o r s v o l t a g e r a t i n g need o n l y be s l i g h t l y h i g h e r than t h e maximum i n p u t v o l t a g e . The major disadvantage o f a f u l l b r i d g e i s t h a t four power switches, w i t h t h e i r a s s o c i a t e d d r i v e c i r c u i t s , a r e r e q u i r e d i n s t e a d of two. Power t r a n s i s t o r s a r e a h i g h l y s t r e s s e d component and u s u a l l y t h e most l i k e l y component t o f a i l , so r e l i a b i l i t y i s d i m i n i s h e d when more power t r a n s i s t o r s a r e needed. However, t h e p o t e n t i a l f u l l b r i d g e disadvantage of two cascaded switches i s s u b s t a n t i a l l y lessened when power MOSFET's a r e used. Because, for a g i v e n MOSFET d i e s i z e , ON r e s i s t a n c e i s p r o p o r t i o n a l t o OFF s t a t e breakdown v o l t a g e . Therefore, f o r adequately v o l t a g e r a t e d switches, t h e t o t a l power s w i t c h ON r e s i s t a n c e w i l l be n e a r l y t h e same for e i t h e r a f u l l b r i d g e (two "ON" MOSFETS i n s e r i e s ) o r p a r a l l e l c o n v e r t e r (one h i g h e r v o l t a g e "ON" MOSFET). Another advantage o f a b r i d g e c o n v e r t e r i s t h a t t h e power transformer i s s i m p l e r and has l e s s mass than t h e p a r a l l e l c o n v e r t e r power transformer s i n c e o n l y one p r i m a r y w i n d i n g i s needed. c o n v e n t i o n a l t e c h n i q u e o f s i m u l t a n e o u s l y t u r n i n g ON and OFF diagonal p a i r s o f s w i t c h e s was n o t chosen because leakage inductance energy i s n o t w e l l c o n t r o l l e d . When a l l f o u r t r a n s i s t o r s a r e o f f , t h e leakage inductance c u r r e n t commutation causes e x t r a power w a s t i n g s w i t c h t r a n s i t i o n s i n t h e o u t p u t r e c t i f i e r s . A second technique, r e p o r t e d by Goldfarb ( r e f . 1 1 ) appeared t o c o n t r o l leakage inductance energy and reduce s w i t c h i n g l o s s e s by u s i n g c a p a c i t o r s across t h e two s w i t c h e s t h a t t u r n o f f r e f l e c t e d l o a d c u r r e n t . However, t h i s concept was judged t o be more d i f f i c u l t t o implement due t o t h e more c o m p l i c a t e d l o g i c and e x t r a c u r r e n t sensing than t h e phase s h i f t c o n t r o l scheme f i n a l l y chosen. Two h i g h power phase s h i f t c o n t r o l l e d PWM f u l l b r i d g e power c o n v e r t e r s were found i n t h e e a r l y l i t e r a t u r e . The first, i n 1965, was r e p o r t e d by Ernsberger ( r e f . 1 2 ) . Four v i n t a g e , slow, s i l i c o n b i p o l a r t r a n s i s t o r s were o p e r a t e d a t 800 Hz i n a s i n g l e power c i r c u i t t o p r o v i d e 2 kW a t 88 p e r c e n t power e f f i c i e n c y w i t h an i n p u t v o l t a g e o f 100+10 V . was accomplished w i t h a Ramey magnetic a m p l i f i e r . The design comprised o n l y about 220 components w i t h o u t u s i n g i n t e g r a t e d c i r c u i t s . I n 1976, Ahrens and Cardwell ( r e f . 13) d e s c r i b e d a phase s h i f t c o n t r o l l e d PWM c o n v e r t e r w i t h which t h e y were a b l e t o achieve power e f f i c i e n c i e s o f 93 p e r c e n t f o r a 0 . 6 k W s i n g l e stage, 45 V o u t p u t supply, and 96 p e r c e n t f o r a 2 . 4 kW f o u r stage, Phase s h i f t
V o u t p u t supply (0.6 kW p e r s t a g e ) . For b o t h suppl range was 200 t o 400 V and t h e c o n v e r t e r s operated a t 10 c o n v e r t e r stage phase staggered t o minimize i n p u t f i l t e r a d i f f i c u l t t a s k because t h e o n l y f a s t , h i g h v o l t a g e med t r a n s i s t o r s a v a i l a b l e i n t h e e a r l y 1970's were a l s o f r a g c o n v e r t e r had f i v e power stages i n c l u d i n g one stage used
redundancy. E l a b o r a t e power t r a n s i s t o r d r i v e and p r o t e c o p e r a t i o n , and t h e performance and mass requirements l e d power supply c o m p r i s i n g an e s t i m a t e d 1000 components. 
es, t h e i n p u t v o l t a g e kHz w i t h each

i t c h i s on f o r one h a l f c y c l e w h i l e t h e o t h e r s w i t c h i n t h a t s i d e i s off. R e g u l a t i o n i s achieved by s h i f t i n g t h e phase o f t h e (03, Q4) s i d e from 0" t o -180" w i t h r e s p e c t t o t h e r e f e r e n c e s i d e (01, Q2).
v o l t a g e waveforms for an i n t e r m e d i a t e o u t p u t power a r e shown i n f i g u r e l ( b ) . C u r r e n t waveforms a r e more complex and w i l l be discussed l a t e r .
There i s no o u t p u t a t 0" and f u l l o u t p u t a t -180".
I d e a l i z e d
For t h i s work, p a r a l l e l e d power MOSFET's were used as switches i n s t e a d of b i p o l a r t r a n s i s t o r s . Power MOSFET's a r e e a s i e r t o d r i v e and o p e r a t e i n p a r a l l e l t o reduce ON r e s i s t a n c e . breakdown. I n a d d i t i o n , a r e l a t i v e l y new c o n t r o l method, c u r r e n t mode c o n t r o l ( r e f s . 14 and 15) was used. C u r r e n t mode c o n t r o l l i m i t s p u l s e by p u l s e c u r r e n t so t h e power switches a r e p r o t e c t e d from o v e r c u r r e n t s . Furthermore, i n i t i a l a r c j e t s t a r t u p c u r r e n t overshoot can be c o n t r o l l e d t o a p r e s e t v a l u e by t h i s c o n t r o l method. C u r r e n t mode c o n t r o l i s u s u a l l y used t o c o n t r o l o u t p u t v o l t a g e . I n s t e a d , for t h i s 5 k W c o h v e r t e r design, average o u t p u t c u r r e n t was t h e c o n t r o l l e d parameter. convenience as t h e c o n t r o l l e d parameter f o r t h e 1 k W power s u p p l y d e s i g n ( r e f . 6). There i s a small b u t v a r i a b l e d i f f e r e n c e between peak and average MOSFET's a r e f a s t and f r e e from second Peak o u t p u t c u r r e n t was used f o r o u t p u t c u r r e n t . T h e r e f o r e , peak o u t p u t c u r r e n t c o n t r o l r e s u l t s i n l e s s a c c u r a t e c u r r e n t r e g u l a t i o n t h a n t h e average o u t p u t c u r r e n t c o n t r o l used for t h e 5 k W c o n v e r t e r . 
For the condition where t h e PWM o u t p u t i s zero, a l l d r i v e i s removed from t h e b r i dge .
The remainder of t h e f u n c t i o n s shown i n f i g u r e 2 d e s c r i b e t h e c o n v e n t i o n a l c u r r e n t mode c o n t r o l and p u l s e r c o n t r o l l o g i c used e a r l i e r f o r t h e 1 kW s u p p l y ( r e f . 7 ) .
For c u r r e n t mode c o n t r o l , t h e slope compensation f u n c t i o n shown i n f i g u r e 2 i s necessary t o p r e v e n t u n c o n d i t i o n a l i n s t a b i l i t y for PWM d u t y r a t i o s above 50 p e r c e n t . Besides saving design t i m e , t h i s c o n t r o l approach a l l o w e d t h e use o f a c u r r e n t mode PWM c o n t r o l l e r i n t e g r a t e d c i r c u i t which i n c o r p o r a t e s most of the necessary c i r c u i t f u n c t i o n s for c u r r e n t mode c o n t r o l . However, f o r f u t u r e designs i t may be advantageous t o go d i r e c t l y from t h e c u r r e n t mode comparator s i g n a l i n t o a phase s h i f t c o n t r o l l e r , e l i m i n a t i n g t h e i n t e r m e d i a t e PWM l o g i c w i t h i t s a s s o c i a t e d t i m e d e l a y .
The a u t h o r s found no d e s c r i p t i v e power s w i t c h or transformer c u r r e n t waveforms i n t h e l i t e r a t u r e . I n a d d i t i o n , t h e r e was a need to v e r i f y t h e c o n t r o l and l o g i c c i r c u i t designed f o r t h e 5 k W c o n v e r t e r . T h e r e f o r e , a 30 W model o f t h e c o n v e r t e r was f a b r i c a t e d and t e s t e d u s i n g t h e scheme shown i n f i g u r e 2. The b r i d g e was c o n f i g u r e d as shown i n f i g u r e l ( a ) except t h a t IRF250 power MOSFETs i n s t e a d o f b i p o l a r t r a n s i s t o r s were used f o r Q1 through 94. Synchronized drain-source s w i t c h v o l t a g e s f o r Q1 t h r o u g h 94 and t r a n s f o r m e r p r i m a r y and secondary v o l t a g e s a r e shown t o g e t h e r w i t h s w i t c h d r a i n and t r a n s f o r m e r c u r r e n t s i n f i g u r e 3. The phase s h i f t e d s i d e c u r r e n t waveforms, 93, 94, a r e q u i t e d i f f e r e n t f r o m t h e r e f e r e n c e s i d e waveforms, 91, 02. The reference s i d e , 91 o r 92 t u r n s on t h e t o t a l c u r r e n t r e f l e c t e d by t h e l o a d and t h e t r a n s f o r m e r magnetizing c u r r e n t . R e c t i f i e r diode r e v e r s e r e c o v e r y c u r r e n t i s l i m i t e d by t h e t r a n s f o r m e r leakage and p a r a s i t i c c i r c u i t inductances. The r e f e r e n c e s i d e t u r n s o f f o n l y transformer m a g n e t i z i n g and leakage inductance c u r r e n t s . The phase s h i f t e d s i d e , 93 or 94, t u r n s on, i n t h e r e v e r s e d i r e c t i o n , p a r t o f t h e l o a d c u r r e n t , as w e l l as transformer leakage inductance and m a g n e t i z i n g c u r r e n t , b u t t u r n s o f f r e f l e c t e d l o a d c u r r e n t and t r a n s f o r m e r magnetizing c u r r e n t i n t h e f o r w a r d d i r e c t i o n . The phase s h i f t e d s i d e , Q3 or Q4 conducts r e v e r s e c u r r e n t t h r o u g h t h e power MOSFET source-drain w i t h t h e i n t r i n s i c a n t i -p a r a l l e l d i o d e n o t conducting. T h i s p r o p e r t y may n o t be w i d e l y known because t h e a n t i -p a r a l l e l diodes a r e c o n v e n t i o n a l l y used t o conduct r e v e r s e c u r r e n t s as t h e MOSFET's a r e t u r n e
, main power t r a n s f o r m e r , c u r r e n t sensing t r a n s f o r m e r , o u t p u t averaging i n d u c t o r / p u l s e t r a n s f o r m e r can be seen i n l a r g e r assembly. Two c o o l i n g f a n s w e r e a l s o i n c l u d e d i n t h e power supply.
TESTS
The 5 k W power e l e c t r o n i c s breadboard was t e s t e d w i t h a r e s i s t i v e l o a d and w i t h a l a b o r a t o r y t h r u s t e r load. The l a b o r a t o r y a r c j e t t h r u s t e r used f o r i n i t i a l 5 k W t e s t i n g was i d e n t i c a l t o a 1 kW d e s i g n used i n a 1000 h r c y c l e d l i f e t e s t ( r e f . 9 > , except t h a t t h e c o n s t r i c t o r diameter i n t h e anode was e n l a r g e d t o accommodate h i g h gas flow r a t e s . A c u t away view o f t h e a r c j e t i s shown i n f i g u r e 5 . The upstream converging c o n i c a l h a l f angle was 30" and t h e downstream d i v e r g i n g h a l f angle was 20". The o r i g i n a l 0.64 mm diameter by 0.41 rnm l o n g c o n s t r i c t o r was increased t o 0.89 mm diameter and 0.89 mm i n l e n g t h . The cathode used was a
Loadbank Tests
R e s i s t i v e l o a d t e s t s were performed t o o b t a i n t y p i c a c o n v e r t e r o p e r a t i n g waveforms, and t o e s t a b l i s h benchmark r e g u l a t i o n , l o a d t r a n s i e n t response, r i p p l e and power eff steady s t a t e p u l s e r v o l t a g e , c i e n c y .
Converter waveforms. -B r i d g e c o n v e r t e r power s w i t c h d r a i n t o source v o l t a g e waveforms f o r Q2 and Q4 ( c i r c u i t l o c a t i o n i s g i v e n i n f i g . 1 ) a r e synchronized w i t h and shown w i t h t h e t r a n s f o r m e r p r i m a r y c u r r e n t i n f i g u r e 7 f o r a 5 k W r e s i s t i v e l o a d . Q1 and Q3 waveforms a r e n o t shown s i n c e v o l t a g e waveforms f o r each t r a n s i s t o r i n t h e r e f e r e n c e s i d e o f t h e b r i d g e , Q1
and 92 look t h e same, b u t a r e 180" o u t o f phase. The same i s t r u e f o r Q3 and Q4. The r e f e r e n c e s i d e , Q1 or Q2 t u r n s on i n t o t r a n s f o r m e r m a g n e t i z i n g c u r r e n t , t h e r e f l e c t e d l o a d c u r r e n t , and t h e r e v e r s e r e c o v e r y c u r r e n t o f one o u t p u t r e c t i f i e r diode p a i r . C u r r e n t r i s e i s l i m i t e d by t h e power t r a n s f o r m e r leakage inductance and a small c u r r e n t l i m i t i n g i n d u c t o r . The r e f e r e n c e s i d e , Q1 or 02 a l s o t u r n s o f f r e s i d u a l c u r r e n t f l o w i n g i n t h e t r a n s f o r m e r leakage inductance and c u r r e n t l i m i t i n g i n d u c t o r , as w e l l as t h e t r a n s f o r m e r m a g n e t i z i n g c u r r e n t . This r e s i d u a l c u r r e n t decays s l o w l y f o r t h i s h i g h power c i r c u i t , m a i n l y because t h e r a t i o o f c u r r e n t l i m i t i n g i n d u c t a n c e and leakage inductances t o s w i t c h r e s i s t a n c e i s h i g h . The
phase s h i f t e d s i d e o f t h e b r i d g e (Q3
c u r r e n t and t r a n s f o r m e r m a g n e t i z i n g c u r r e n t and i s a l r e a d y t u r n e d on when l o a d c u r r e n t i s switched on by t h e r e f e r e n c e s i d e . Due t o r i n g i n g a t s w i t c h t r a n s i t i o n s , t h e power switches which a r e r a t e d f o r 200 V s e e about 170 V a t an i n p u t v o l t a g e o f 150 V and an o u t p u t power of 5 kW. The transformer p r i m a r y c u r r e n t reaches n e a r l y 60 A peak. The r m s t r a n s f o r m e r p r i m a r y c u r r e n t
value remains c l o s e t o 50 A even though t h e d u t y r a t i o i s near 213. Primary r m s c u r r e n t changes l i t t l e w i t h d u t y r a t i o . or Q4) t u r n s o f f r e f l e c t e d l o a d O c c a s i o n a l l y , a t i n i t i a l t u r n on i n t o a 5 kW l o a d , t h e b r i d g e would s t a r t u p w i t h a n o n d e s t r u c t i v e , s t a b l e c u r r e n t imbalance where t h e main t r a n s f o r m e r core would b e g i n t o s a t u r a t e once each c y c l e . Although t h e small c u r r e n t l i m i t i n g i n d u c t o r reduced t h e t r a n s f o r m e r p r i m a r y a p p l i e d volt-seconds d u r i n g t h e s a t u r a t i n g h a l f c y c l e and would be expected to c o r r e c t t h e imbalance, t h e n e x t h a l f c y c l e showed a notch on t h e l e a d i n g edge o f t h e t r a n s f o r m e r v o l t a g e . T h i s c o n d i t i o n o n l y o c c u r r e d w i t h a r e s i s t i v e l o a d and never happened d u r i n g t h r u s t e r i n t e g r a t i o n . This s t a b l e imbalance d i d n o t occur when a molybdenum-permalloy powder (MPP) power t r a n s f o r m e r c o r e w i t h a markedly l e s s pronounced s a t u r a t i o n c h a r a c t e r i s t i c was used w i t h no c u r r e n t l i m i t i n g i n d u c t o r . T h i s s t a b l e c o n d i t i o n was n o t i n v e s t i g a t e d a t t h i s t i m e because f u r t h e r c i r c u i t m o d i f i c a t i o n s
were b e i n g planned t o improve power e f f i c i e n c y . P u l s e r o u t p u t . -The p u l s e r produces a h i g h v o l t a g e p u l s e e v e r y h a l f second u n t i l a r c c u r r e n t i s sensed. T h i s i s t h e same scheme d e s c r i b e d i n r e f e r e n c e s 7 and 8. The p u l s e r t r a n s f o r m e r / c u r r e n t a v e r a g i n g i n d u c t o r p r i m a r y c u r r e n t i s a l l o w e d t o r e a c h about 120 A before t h e p r i m a r y power MOSFET's a r e switched o f f . Since t h e p u l s e r t r a n s f o r m e r / c u r r e n t a v e r a g i n g i n d u c t o r t u r n s r a t i o i s about l O : l , t h e maximum c u r r e n t a v a i l a b l e a t a r c j e t i g n i t i o n i s near 12 A . Open c i r c u i t p u l s e r v o l t a g e reaches 4 . 6 kV i n about 3 ps and i s shown i n f i g u r e 8. R e g u l a t i o n . -C u r r e n t r e g u l a t i o n d a t a a r e g i v e n i n t a b l e I f o r 10 and 50
A r e f e r e n c e s e t p o i n t s w i t h i n p u t v o l t a g e s o f 130 and 150 V a t each s e t p o i n t . S t a t i c c u r r e n t r e g u l a t i o n was w i t h i n 1 p e r c e n t o f t h e 50 A s e t p o i n t once t h e load r e s i s t a n c e was s e t low enough t o pass s u f f i c i e n t c u r r e n t . Accurate s t a t i c l o a d c u r r e n t r e g u l a t i o n was expected s i n c e a shunt was used t o sense average l o a d c u r r e n t which was fed back t o an i n t e g r a l c u r r e n t c o n t r o l l o o p .
T r a n s i e n t response. -F i g u r e 9 shows l o a d c u r r e n t t r a n s i e n t response
measured a t 50 A o u t p u t f o r s t e p l o a d changes from 1 t o 2 Q and from 2 t o 1 Q u s i n g a s o l i d s t a t e s w i t c h . Voltage waveforms r e s u l t i n g from t h e l o a d t r a n s i e n t s e x h i b i t t h e e f f e c t s o f p a r a s i t i c s e r i e s inductance i n t h e 30 kW loadbank and i t s connections. R e s u l t a n t l o a d c u r r e n t o v e r s h o o t and undershoot
were about 10 p e r c e n t and o f n e a r l y 300 )IS d u r a t i o n . des i r e d decreas about 3 c o n t a i n power e f i 1 t e r R i p p l e . -Load c u r r e n t r i p p l e a t an o u t p u t c u r r e n t o f 50 A can be seen i n f i g u r e 9. R i p p l e measured a p p r o x i m a t e l y 2 A peak t o peak a t 16.7 kHz.
ng t h e a v e r a g i n g inductance. A peak t o peak a t 16.7 kHz and t h e o s c i l l o s c o p e t r a c e appeared t o no spikes and no s i g n i f i c a n t h i g h frequency components. The 5 k W I f r i p p l e c o u l d be i n c r e a s e d by l o w e r i n g t h e o p e r a t i n g frequency or by R e f l e c t e d i n p u t c u r r e n t r i p p l e measured e c t r o n i c s breadboard i n p u t filter was a l a r g e c a p a c i t o r and no i n p u t n d u c t o r s were used.
Power e f f i c i e n c y . -A t 5 kW power e f f i c i e n c y measured 92.2 p e r c e n t w i t h 150.6 V i n p u t and 92.0 p e r c e n t a t 130.1 V i n p u t . 0.25 p e r c e n t were used t o measure i n p u t and o u t p u t c u r r e n t s . v o l t m e t e r a t t h e same p o l a r i t y was used t o measure i n p u t and o u t p u t shunt and c o n v e r t e r v o l t a g e s . Measurements were made w i t h and w i t h o u t a 100 pF low e q u i v a l e n t s e r i e s r e s i s t a n c e c a p a c i t o r across t h e o u t p u t . Power e f f i c i e n c y measured 0.
p e r c e n t h i g h e r w i t h o u t t h e c a p a c i t o r . A l a r g e c a p a c i t o r t o reduce r i p p l e f o r t h e power e f f i c i e n c y measurement r e p o r t e d f o r t h e k W s u p p l y ( r e f . 7) had t h e e f f e c t o f r e d u c i n g t h e measured power e f f i c i e n c y by about 112 p e r c e n t from t h e measurement w i t h o u t t h e c a p a c i t o r . However, t h e c u r r e n t r i p p l e f o r t h e k W power supply was an o r d e r o f magnitude more percentage than t h a t o f t h e 5 k W power supply. f i l t e r used t o f i l t e r t h e c u r r e n t s i g n a l from t h e shunt r e s u l t e d i n s u f f i c i e n t l y a c c u r a t e measurements ( w i t h i n 0.5 p e r c e n t ) w i t h o u t r e s o r t i n g t o t h e use o f a l a r g e c a p a c i t o r across t h e o u t p u t .
RC f i l t e r was used across t h e i n p u t shunt t o reduce r i p p l e e f f e c t s . T h i s reduced t h e measured power e f f i c i e n c y by about 1.5 p e r c e n t . e f f i c i e n c y r e p o r t e d here i s e s t i m a t e d t o be a c c u r a t e w i t h i n 21 p e r c e n t . I t i s judged t h a t a power e f f i c i e n c y n e a r l y 95 p e r c e n t a t 5 kW c o u l d be achieved w i t h t h i s t y p e c o n v e r t e r . An e f f i c i e n c y i n c r e a s e o f 2 p e r c e n t i s a v a i l a b l e by r e d u c i n g t h e s w i t c h t r a n s i s t o r ( f o u r p a r a l l e l IRF250 MOSFET's f o r each s w i t c h ) conduction l o s s e s which a r e about 110 W i n t h e p r e s e n t design. T r a n s i s t o r conduction losses c o u l d be reduced t o 20 W by u s i n g h y b r i d MOSFET switches c o n t a i n i n g 24 I R F 250 c h i p s . transformer t o reduce copper and core losses and decreasing s w i t c h i n g l o s s e s by e l i m i n a t i n g t h e c u r r e n t l i m i t i n g i n d u c t o r and improving t h e d r i v e c i r c u i t s c o u l d add another 1 or 2 p e r c e n t t o t h e power e f f i c i e n c y . However, about 0.5 p e r c e n t power e f f i c i e n c y would be l o s t by adding i n d u c t o r s t o t h e i n p u t f i l t e r t o meet EM1 requirements.
C u r r e n t shunts matched t o The same d i g i t a l For t h e 1 k W work an R-C For t h e 5 k W measurements an The power O p t i m i z i n g t h e o u t p u t i n d u c t o r and power
Subsequent t o a l l t h e t e s t s d e s c r i b e d i n t h i s r e p o r t , t h e power c i r c u i t was m o d i f i e d and t h e power
MOSFET's were r e p l a c e d w i t h f o u r power h y b r i d s c o n t a i n i n g 24 p a r a l l e l t r a n s i s t o r d i e s s i m i l a r or equal t o an IRF250 d i e w i t h each d i e h a v i n g a 10 g a t e r e s i s t o r . B u i l t i n zener diodes p r o v i d e d g a t e o v e r v o l t a g e p r o t e c t i o n . Power e f f i c i e n c y was remeasured under t h e c o n d i t i o n s s t a t e d e a r l i e r and a t 5 k W i n p u t and 96 V, 50 A o u t p u t , was 93.5 p e r c e n t a t 130 V i n . , and 93.9 p e r c e n t a t 150 V i n . A t 2.5 kW i n p u t and 93 V, 25 A o u t p u t , power e f f i c i e n c y was 94.6 p e r c e n t a t 130 V i n and 94.4 p e r c e n t a t 150 V i n . .
-Mass. -The two h e a v i e s t breadboard components were t h e 1 mH o u t p u t choke/pulse t r a n s f o r m e r , which weighed 2.7 kG and t h e power t r a n s f o r m e r a t 2.9 kG. T h i s 5.6 kG mass i s t h e l a r g e s t f r a c t i o n of t h e t o t a l component mass and r e p r e s e n t s o n l y a s t a r t i n g p o i n t towards t h e development o f an e n g i n e e r i n g
S t a r t i n g and Steady S t a t e Tests
Thruster/power e l e c t r o n i c s s t a r t u p c u r r e n t and v o l t a g e t r a n s i e n t s were r e c o r d e d u s i n g an o s c i l l o s c o p e camera and s t r i p c h a r t r e c o r d e r . P r o p e l l a n t flow was m a i n t a i n e d a t 2.5 SLM N2 and 5.0 SLM H2 h y d r a z i n e , f o r these t e s t s . The c o n v e n t i o n a l techniques and equipment used a r e d e t a i l e d i n an e a r l i e r paper ( r e f . 7 ) . F i g u r e 10 shows i n i t i a l c u r r e n t and v o l t a g e t r a n s i e n t s f o r c u r r e n t c o n t r o l s e t p o i n t s o f 50, 30, and 10 A w i t h 135 V i n p u t t o t h e power supply. T h r u s t e r t r a n s i e n t v o l t a g e was measured a t t h e vacuum chamber f l a n g e and i n c l u d e s any e f f e c t s o f inductance i n t h e leads t o t h e t h r u s t e r . I n i t i a l c u r r e n t a t breakdown was always near 1 1 A . For a l l t h r e e s t a r t s shown, t h e c u r r e n t i n c r e a s e d t o about 55 A i n a p p r o x i m a t e l y 1 mS and remained t h e r e f o r 5 mS where i t was b e i n g l i m i t e d by t h e p u l s e by p u l s e c u r r e n t mode c o n t r o l l e r p r e s e t maximum c u r r e n t l i m i t . Then t h e i n t e g r a l c o n t r o l l o o p g r a d u a l l y reduced t h e c u r r e n t t o t h e s e l e c t e d c o n t r o l r e f e r e n c e s e t p o i n t .
s i m u l a t i n g decomposed
T y p i c a l l o n g e r d u r a t i o n v o l t a g e , c u r r e n t , and t h r u s t t r a n s i e n t s a r e shown i n f i g u r e 11 for a 50 A s e t p o i n t and 5 kW o p e r a t i o n . There were no s i g n i f i c a n t events between 3 and 32 minutes a f t e r s t a r t u p , so t h a t p o r t i o n o f t h e r e c o r d i n g was o m i t t e d from f i g u r e 1 1 . Immediately a f t e r i g n i t i o n , t h e a r c c u r r e n t reaches 50 A and remains c o n s t a n t . T h r u s t e r v o l t a g e s t a r t s a t 93 V and climbs t o 100 V i n about 35 sec., f i n a l l y r e a c h i n g 103 V a f t e r 34 min. Thrust measured 0.40 N a f t e r 35 sec and 0.42 N a f t e r 34 minutes. For t h i s t e s t , the t h r u s t e r anode was coated w i t h Cr02 t o i n c r e a s e e m i s s i v i t y which l i m i t e d t h e anode surface maximum temperature t o about 1400 "C measured w i t h an o p t i c a l pyrometer. P r e v i o u s l y , t h e uncoated anode s u r f a c e temperature reached about 1870 "C under these c o n d i t i o n s . D u r i n g t h r u s t e r steady s t a t e o p e r a t i o n a t 100 V , 50 A, 2.5 SLM N2 and 5.0 SLM H2, s i m u l a t i n g h y d r a z i n e , a r c c u r r e n t r i p p l e and t h r u s t e r v o l t a g e r i p p l e were measured a t t h e vacuum t a n k f l a n g e . An a r c c u r r e n t r i p p l e o f 2 A peak t o peak r e s u l t e d i n t h r u s t e r v o l t a g e r i p p l e o f about 1 V peak t o peak, 1800 o u t o f phase w i t h a r c c u r r e n t r i p p l e a r e recorded i n f i g u r e 12. T h i s same n e g a t i v e r e s i s t a n c e c h a r a c t e r i s t i c was observed w i t h a 1 k W system t e s t e d e a r l i e r ( r e f . 7 ) .
Maximum steady s t a t e t h r u s t e r power achieved was 6.56 k W f o r 3.7 SLM N2 and 11.2 SLM H2, s i m u l a t e d ammonia. T h r u s t e r v o l t a g e was 131.2 a t 50.0 A a r c c u r r e n t w i t h a power supply i n p u t v o l t a g e o f about 150 V . 0.645 N.
T h r u s t was CONCLUSIONS A s i n g l e stage, 5 k W a r c j e t power c o n v e r t e r was designed f a b r i c a t e d and e v a l u a t e d on b o t h r e s i s t i v e and a r c j e t loads. The c i r c u i t was a f u l l b r i d g e p u l s e w i d t h modulated c o n v e r t e r t h a t was phase s h i f t r e g u l a t e d t o p r o v i d e c o n s t a n t a r c c u r r e n t . The c o n v e r t e r design employed MOSFET power switches, c u r r e n t mode c o n t r o l , and i n c l u d e d an i n t e g r a l h i g h v o l t a g e p u l s e i g n i t o r .
A r c j e t s t a r t up and o p e r a t i o n was v e r i f i e d o v e r a wide range o f flow r a t e s w i t h h y d r o g e n l n i t r o g e n m i x t u r e s s i m u l a t i n g b o t h ammonia and h y d r a z i n e .
R e s i s t i v e l o a d power e f f i c i e n c y a t 5 k W and 50 A o u t p u t was 93.5 and 93.9 p e r c e n t f o r i n p u t v o l t a g e s o f 130 and 150 V r e s p e c t i v e l y . t h a t power e f f i c i e n c y can be increased t o a t l e a s t 95 p e r c e n t by r e d u c i n g t h e inductance and copper l o s s e s o f t h e o u t p u t i n d u c t o r / p u l s e t r a n s f o r m e r , by r e d u c i n g t h e c o r e and copper losses i n t h e power t r a n s f o r m e r , and by i m p r o v i n g t h e power c i r c u i t t o reduce s w i t c h i n g l o s s e s .
I t i s judged
C u r r e n t mode c o n t r o l l i m i t e d t h e i n i t i a l s t a r t u p c u r r e n t o v e r s h o o t t o about 55 A. I n i t i a l s t a r t u p c u r r e n t was about 11 A and t h i s low s t a r t u p c u r r e n t w i l l p e r m i t t h e p u l s e r d e s i g n and packaging t o remain s t r a i g h t f o r w a r d , w i t h no need t o have semiconductors placed i n a h i g h v o l t a g e assembly.
The power stage w i t h power MOSFET's i s a h i g h e f f i c i e n c y , low mass approach for c i r c u i t s r e q u i r i n g low i n p u t v o l t a g e and h i g h i n p u t c u r r e n t s . The major f e a t u r e s o f t h i s approach a r e : energy i s w e l l c o n t r o l l e d ; ON r e s i s t a n c e o f cascaded switches can be almost t h e same as for p a r a l l e l c o n v e r t e r s i n g l e switch-ON r e s i s t a n c e ; and t h e i n t r i n s i c a n t i -p a r a l l e l diodes do n o t conduct d u r i n g normal o p e r a t i o n i f ON r e s i s t a n c e i s k e p t low by p a r a l l e l i n g enough t r a n s i s t o r d i e s .
t h e t r a n s f o r m e r leakage inductance APPENDIX-CIRCUIT DETAILS The 5 k W breadboard power e l e c t r o n i c s breadboard i s d e t a i l e d i n t h r e e schematic diagrams t h a t r e p r e s e n t f u n c t i o n a l l y d i f f e r e n t , as w e l l as p h y s i c a l l y separated component assemblies. F i g u r e A1 i s t h e b r i d g e power stage and p u l s e r schematic. These power components were l o c a t e d i n t h e main c h a s s i s ( f i g . 4 ) and were c o o l e d by f a n s . A l l o f t h e magnetic components for t h e breadboard a r e d e s c r i b e d i n t a b l e I 1 and a r e p a r t o f t h i s assembly. F i g u r e A2 shows t h e analog, PWM and p u l s e r c o n t r o l s , which a r e l o c a t e d on t h e i r own p r i n t e d c i r c u i t boards i n a s h i e s w i t c h i n g . Four p a r a l l e l t r a n s i s t o r s were used i n s t e a d o f h y b r i d c i r c u i t s I t was e x p e r i m e n t a l l y determined t h a t low inductance s t r i p l i n e connections from a low ac impedance v o l t a g e source were necessary t o p r e v e n t excessive r i n g i n g because 50 A c u r r e n t pulses were f l o w i n g i n t o t h e b r i d g e . Conventional c i r c u i t l a y o u t u s i n g s h o r t leads was e x p e r i m e n t a l l y found t o be inadequate. I n a d d i t i o n , r e s i s t o r -c a p a c i t o r -d i o d e v o l t a g e clamps and an R-C snubber were used t o p r o t e c t t h e power s w i t c h drain-source f r o m p o t e n t i a l o v e r v o l t a g e t r a n s i e n t s . The power s w i t c h gate-source was p r o t e c t e d from To p r o t e c t t h e power MOSFETs from d e s t r u c t i v e c u r r e n t s due t o main t r a n s f o r m e r , TI, core s a t u r a t i o n or d u r i n g f a u l t s , a small i n d u c t o r , L2, was p l a c e d i n s e r i e s w i t h t h e T1 p r i m a r y . L2 was necessary f o r t h i s p a r t i c u l a r design because t h e c u r r e n t mode c o n t r o l has a d e l a y o f one or two ps and t h e s a t u r a t i o n c h a r a c t e r i s t i c o f T1 c u r r e n t r i s e . S w i t c h i n g t r a n s i s t o r c u r r e n t sensing was i m p o r t a n t f o r p u l s e by p u l s e c u r r e n t c o n t r o l and h i g h n o i s e l e v e l s complicated t h i s t a s k . I n s t e a d o f u s i n g resources t o develop a s h i e l d e d , h i g h f i d e l i t y c u r r e n t t r a n s f o r m e r , t h e breadboard i n c o r p o r a t e d a commercial c u r r e n t t r a n s f o r m e r , T4, w i t h i t s d i s t r i b u t e d 50 Q burden r e s i s t a n c e , t o g e t h e r w i t h a s i g n a l t r a n s f o r m e r , T5, used t o i s o l a t e t h e c u r r e n t t r a n s f o r m e r r e t u r n . e x h i b i t s a h i g h r a t e of The p u l s e r used t h e same low v o l t a g e w i n d i n g i n d u c t o r c h a r g i n g scheme d e t a i l e d elsewhere ( r e f . 8). except t h a t t h r e e IRF460 t r a n s i s t o r s r a t e d a t I 500 V were used i n s t e a d o f two 400 V IRF350 devices. The IRF460's ON t i m e was a d j u s t e d t o p r o v i d e about 120 A peak c h a r g i n g c u r r e n t t o t h e L1 I i n d u c t o r / p u l s e t r a n s f o r m e r p r i m a r y .
a v e r a g i n g
The c o n t r o l c i r c u i t s i n f i g u r e A2 a r e s i m i l a r t o those used i n t h e 1 k W power supply and a r e d e t a i l e d i n r e f e r e n c e s 7 and 8. A UC1846 p u l s e w i d t h modulation c u r r e n t c u r r e n t mode c o n t r o l i n t e g r a t e d c i r c u i t forms t h e b a s i s f o r implementing t h e c o n t r o l scheme f u n c t i o n shown i n f i g u r e 2. However, t h i s design used an e x t e r n a l error a m p l i f i e r i n s t e a d o f t h e UC1846 e r r o r a m p l i f i e r to ease i n s e r t i o n o f ramp compensation and t o p ' . 
